We present a multi-wavelength analysis of gamma-ray burst GRB 090727, for which optical emission was detected during the prompt gamma-ray emission by the 2-m autonomous robotic Liverpool Telescope and subsequently monitored for a further two days with the Liverpool and Faulkes telescopes. Within the context of the standard fireball model, we rule out a reverse shock origin for the early time optical emission in GRB 090727 and instead conclude that the early time optical flash likely corresponds to emission from an internal dissipation processes. Putting GRB 090727 into a broader observational and theoretical context, we build a sample of 36 gamma-ray bursts (GRBs) with contemporaneous early time optical and gamma-ray detections. From these GRBs, we extract a sub-sample of 18 GRBs, which show optical peaks during prompt gamma-ray emission, and perform detailed temporal and spectral analysis in gamma-ray, X-ray, and optical bands. We find that in most cases early time optical emission shows sharp and steep behaviour, and notice a rich diversity of spectral properties. Using a simple internal shock dissipation model, we show that the emission during prompt GRB phase can occur at very different frequencies via synchrotron radiation. Based on the results obtained from observations and simulation, we conclude that the standard external shock interpretation for early time optical emission is disfavoured in most cases due to sharp peaks (∆t/t < 1) and steep rise/decay indices, and that internal dissipation can explain the properties of GRBs with optical peaks during gamma-ray emission.
INTRODUCTION
Gamma Ray Bursts (GRB), as their name suggests, were discovered through detection of their high-energy prompt gamma-ray emission (Klebesadel et al. 1973) . Subsequent detection of nearly 3000 GRBs with the BATSE gamma-ray detector onboard the Compton Gamma Ray Observatory (Paciesas et al. 1999) , showed them to display a rich variety of temporal profiles in their gamma-ray light curves with single or multiple peaks. The BeppoSAX satellite (Boella et al. 1997) made the first discovery of an X-ray afterglow in GRB 970228 with an accurate localisation (Costa et al. 1997 ) that led to the discovery of an associated optical counterpart several hours after the burst and, thus, GRB redshift (van Paradijs et al. 1997) .
Despite the growing number of gamma-ray light curves obtained to date, the rich variety in temporal and spectral properties coupled with the challenge in obtaining panchromatic observations simultaneously with prompt gamma-ray emission has limited understanding of the underlying physical processes. Although the variability in GRB light curves suggests internal dissipation processes for prompt gamma-ray emission, fundamental theoretical questions remain on the actual dissipation mechanism, the presence of thermal components and the role of magnetic fields (e.g., Atteia & Boër 2011; Harrison & Kobayashi 2013 The first detection of optical emission during the prompt gamma-ray phase was made for GRB 990123 (Akerlof et al. 1999) , which stimulated research efforts on theoretical and observational side. The launch of NASA's Swift satellite (Gehrels et al. 2004 ) revolutionised the study of GRBs and opened a new window on the very early time properties of GRBs; in particular, the real-time dissemination of accurate (3 arcmin error circles) gamma-ray positions from its Burst Alert Telescope (BAT) via the Gamma-ray Coordinates Network (GCN) (Barthelmy et al. 1994) , are key for driving rapid-response ground-based observations from fully autonomous robotic optical/IR telescopes such as the 2-m Liverpool Telescope -LT (Steele et al. 2004; Guidorzi et al. 2006 ). In parallel, Swift's onboard rapid-response X-ray (XRT; Burrows et al. 2005 ) and optical (UVOT; Roming et al. 2005) telescopes provide additional temporal and spectral coverage of early time GRB properties.
Theoretically, several mechanisms have been proposed to predict and explain the origin of early time optical emission. Some focus on the standard fireball model (see for example the review by Piran 2004) , interpreting early time optical emission as the onset of the external shock afterglow emission, either from forward-external or reverse-external shock (Sari & Piran 1999; Mészáros & Rees 1999) . Reverseexternal shock emission, in particular, was expected to manifest as a bright optical flash in the early time light curve (Kobayashi 2000) . Other models explain early time optical emission as a low-energy tail of high-energy emission, produced in the internal shocks (Katz 1994; Mészáros & Rees 1999; Wei 2007) . Panaitescu (2008) proposed that the synchrotron self-Compton (SSC) mechanism could explain gamma-ray emission in GRBs with prompt optical detection, where optical synchrotron photons act as a seed, but this model was later brought into question ), especially by Fermi LAT observations (Beniamini et al. 2011) . Similarly, Zhao et al. (2010) studied the origin of prompt optical and gamma-ray emission in the context of inverse Compton, second inverse Compton and SSC models, but these mechanisms are difficult to probe due to the paucity of the Fermi LAT detections at high energies and only a handful of corresponding bright early time optical flashes detected. Fast decay in early time optical emission could also be explained by the large-angle emission (Kumar & Panaitescu 2008) . Alternative mechanisms focus on Poynting flux dominated outflows (e.g., Kumar et al. 2007) or magnetic reconnection (e.g., Thompson 1994; Giannios 2008; Zhang & Yan 2011) ; in such cases the early time polarisation measurements (e.g., Mundell et al. 2007a; Steele et al. 2009 ) could provide more details about the origin and geometry of magnetic fields. To date it remains unclear, what are the true mechanisms for prompt GRB emission and which processes cause optical emission at early times.
Obtaining multi-wavelength observations as quickly as possible after the initial GRB trigger is therefore crucial to provide constraints on current and future GRB emission models. Although technically challenging, a growing number of robotic telescopes are beginning to catch optical emission during prompt gamma-ray phase. In order to detect optical emission simultaneously with gamma-ray emission, the latter must last longer than the response time of a telescope, usually several tens of seconds or minutes. A combination of sustained GRB gamma-ray emission and rapid optical follow-up is therefore providing a slowly growing sample of GRBs with prompt optical-gamma-ray observations.
In this paper, we present a detailed multi-wavelength analysis of GRB 090727, which was detected by the Swift satellite and promptly observed automatically by the Liverpool Telescope through the prompt and afterglow phases (Sections 2, 3 and 4). We then compile a sample of GRBs observed to date with contemporaneous gamma-ray and optical detection (Section 5) . From this master sample, we select a sub-sample of 18 GRBs suitable for detailed temporal analysis. We present and discuss the results, interpretations and possible scenarios for the origin of the emission in this sub-sample (Section 6), and test this sub-sample against a simple internal shock dissipation model (Section 7). Summary and conclusions are given in Section 8.
Throughout the text we use the convention F ν (t) ∝ t −α ν −β to describe the flux density, and assume a standard cosmology with parameters: H 0 = 71 km s −1 Mpc −1 , Ω Λ = 0.73, Ω M = 0.27. Best fit parameters are given at 1σ confidence level, except when stated otherwise. Times are given with respect to GRB trigger time.
GRB 090727 OBSERVATIONS
On 27th July, 2009, at t 0 = 22:42:18 UT, the Burst Alert Telescope (BAT) on-board Swift was triggered by the long GRB 090727 (T 90 = 302 ± 23 s) (Evans et al. 2009a; Markwardt et al. 2009 ). The gamma-ray light curve (LC) consists of two separate peaks: one narrow and intense which lasts from t ≈ 0 s to t ≈ 30 s after the trigger, and one broad and soft which lasts from t ≈ 180 s to t ≈ 320 s (Figure 1) . Gamma-ray emission detected with BAT lasted until t ≈ 320 s.
Soon after the trigger, Swift slewed to the position of the burst and the XRT started collecting data at t = 131 s, while gamma-ray emission was still ongoing. The X-ray light curve shows peak at t ≈ 267 s, similar to the last gamma-ray peak -GRB 090727 gamma-ray emission light curves (10 s binning) in different energy channels. There are two separate emission episodes (see the text). The second one that lasts from t ∼ 180 s to t ∼ 320 s after the trigger is softer and has a longer duration.
( Figure 2 ). Between t ≈ 300 s and t ≈ 4000 s XRT did not collect any data due to the Earth limb constraint. After that, the XRT light curve shows a power-law decay with several non-prominent flares. At t 2.1 × 10 6 s X-ray emission is no longer detected.
The Liverpool Telescope (LT) responded automatically (Guidorzi et al. 2006) to the Swift BAT trigger, slewing to the GRB position at RA(J2000) = 21 h 03 m 50. s 6, Dec. (J2000) = +64
• 55 30 to begin automatic optical follow-up observations at t = 166 s in r', i' and z' SDSS filters (Smith & Mundell 2009 ). This resulted in simultaneously sampled gamma-ray, X-ray, and optical LCs around t ≈ 200 − 300 s, when peak occurred in all energy bands (Figure 2 ). Optical follow-up observations with the LT continued until t ≈ 5.5 hours after the trigger. Later we manually triggered the Faulkes Telescope North (FTN) to obtain additional data at t ≈ 14 hours and t ≈ 34 hours in the R and i' filters. Two days after the burst we manually triggered the LT for some deep observations, but the optical afterglow was no longer detected to limiting magnitude r' > 23.3.
Several other optical telescopes also observed the afterglow of GRB 090727. Among them, CAHA (Gorosabel et al. 2009 ) and SAO RAS (Moskvitin et al. 2009 ) detected the afterglow at ≈ 45 minutes after the trigger. UVOT (Chester et al. 2009 ) and GRT ) did not detect the afterglow and thus only provided the upper limits. No redshift was measured for this GRB.
3. GRB 090727 DATA REDUCTION 3.1. Gamma-ray and X-ray data We used BAT and XRT data from the Swift Burst Analyser (Evans et al. 2010) to plot the LCs in Figure 2 . We then analysed gamma-ray and X-ray spectra in different time epochs. For gamma-ray spectra we used data from the Swift archive and batbinevt tool to create spectra files at specific time intervals (we further used batupdatephakw and batphasyserr to apply corrections to the spectra). For Xray spectra we used the "Create time-sliced spectra" option -GRB 090727 light curves in gamma-ray, X-ray, and optical bands, together with the hardness ratio in gamma-ray and X-ray bands (BAT and XRT data from the Swift Burst Analyser, Evans et al. 2010) . Vertical dashed lines indicate the times used to construct SEDs in Figure 3 . Optical data from the Liverpool Telescope and the Faulkes telescope North were modelled using the sum of two smoothly joint broken power-law functions, as explained in the text. Early time X-ray peak was modelled using Eq. (1), while late time X-ray data were modelled using a simple power-law function. Solid and dashed lines represent the best fits (Table 2) , and shaded regions represent the corresponding 95% confidence intervals.
on the XRT spectrum repository (Evans et al. 2009b ) to create spectra files at specific time intervals, and XSPECv12.6 software (Arnaud 1996) to analyse the spectra.
To fit the gamma-ray spectra we used a power-law model in the 15 − 150 keV energy range. For the X-ray spectrum, we first grouped the channels to have minimum 20 counts in each bin. We used the combination of power-law and photoelectric absorptions (wabs * zwabs) in 0.3 − 10 keV energy range. We fixed one contribution of photoelectric absorption to the value of the Galactic equivalent X-ray column density along the direction to GRB: N Gal. HI = 2.5 × 10 21 cm −2 (Kalberla et al. 2005) . The second contribution (at z = 0) was determined by fitting late time spectrum from t = 4 × 10 3 on, when hardness ratio becomes constant within the errors. We found the value of N HI (z) > 0.6 × 10 21 cm −2 , in excess of the Galactic value. This value is a lower limit because the (unknown) redshift was fixed to z = 0 for fitting. Fit results are presented in Table 1 .
Our analysis of the gamma-ray spectrum shows that hardness ratio (HR) and photon index (Γ) are consistent within the margin of error throughout the overall event ( Figure 2 and Table 1 ). These results are also consistent with the results from the time-averaged spectrum reported in the Swift-BAT refined analysis GCN circular ) and in the GCN Report 243.1. The X-ray spectrum shows change both in HR and photon index. During the X-ray peak at t ≈ 267 s, the photon index is lower than at later times (Table 1) . The early time X-ray photon index is thus consistent, within the margin of error, with the gamma-ray photon index. We also identified a late time peak in the X-ray LC at t ≈ 4 × 10 4 s, but a fit to the spectrum using only data during this peak shows no difference compared to the fit when using all data from t = 4000 s onwards. 
NOTE. -BAT data were fitted with the power-law model in 15−150 keV band. XRT data from Photon Counting (PC) or Windowed Timing (WT) mode have been fitted with the power-law and the photoelectric absorption (wabs * zwabs) models in 0.3 − 10 keV band. Time intervals are given with respect to the GRB trigger time t 0 . The confidence intervals are at 90%.
3.2.
Optical data LT and FTN optical data were calibrated against 10 nonsaturated USNO-B1 stars in the field. We converted the USNO R2 and I catalogued magnitudes to r'i'z' magnitudes using Jordi et al. (2006) . After photometric calibration we first corrected the magnitudes for a relatively high Galactic extinction of A V = 1.64 mag (Schlegel, Finkbeiner & Davis 1998) . Specifically, for each filter using Galactic extinction profile (Cardelli, Clayton & Mathis 1989) , the extinction is A r' = 1.4 mag and A i' = 1.0 mag; for z' filter, we used the average extinction in i' and J bands, A z' = 0.74 mag. Finally, the calibrated magnitudes were converted to flux densities using Fukugita et al. (1996) . The complete dataset is available in Table 7 .
The calibrated optical light curves are shown in Figure 2 . The light curve has two main components: a sharp peak at early time with optical flux reaching a peak brightness of 0.17 mJy (r' = 18.3 mag) at around t = 209 s and a broader, late time peak which reaches r' ≈ 20.2 mag before fading as a power law with decay index α ≈ 0.7. Below, we model the optical and X-ray light curves and test whether these components can be explained as reverse-and forward-shock components of the external shock (Type I afterglow from Gomboc et al. 2009 ) or the early time emission originates from internal shocks that produce the gamma-ray peaks.
GRB 090727 ANALYSIS AND INTERPRETATION
We performed X-ray and optical LC modelling with a smoothly joint broken power-law fit (Beuermann et al. 1999) :
from where
The parameters are power-law rise and decay indices (α rise and α decay ), break time (t break ) and flux density normalisation (F 0 ). We constrained the smoothness parameter (n) from the original equation to n = 1, so that we have a simple broken power-law and fewer free parameters. We fitted the X-ray peak using Eq. (1) and the optical LC using the sum of two contributions of the form of Eq. (1). By assuming a common origin for optical emission at different wavelengths, we could fit the optical data from all three optical bands simultaneously with common parameters, except normalisation. The results are presented in Table 2 , where the flux density normalisation value (F 0 ) for the optical LC corresponds to r band data (shift factors obtained from the fit are 1.77 ± 0.14 for i band data and 2.69 ± 0.37 for z band data). The resulting functions are plotted in Figure 2 . The X-ray emission at later times (t > 4000 s) decays with a power-law index α decay = 0.79±0.05 (χ 2 red = 0.72, 6 d.o.f.), if one excludes X-ray flares and assumes no jet break. This is consistent with the decay of the late time optical emission.
Early time temporal properties
The peak times for the early time X-ray and optical LCs appear to be different in this modelling. From parameters in Table 2 and from Eq. (2) we get t X−ray peak = (266.1 ± 4.1) s and t opt peak = (228.4 ± 17.8) s. If we fix the optical break time and rise and decay indices to the ones obtained from the X-ray fit and force the optical peak time to be 266.1 s, to check if the early time peaks are simultaneous, we do not improve the fit, but rather obtain the value of χ 2 = 51.1 for 28 d.o.f., which gives the p-value of 0.0049. If we allow the 1σ interval for the optical break time and rise and decay indices as obtained from the X-ray fit, we obtain t opt peak = (263.2 ± 0.7) s and the value of χ 2 = 34.7 for 25 d.o.f., which gives the p-value of 0.0934. The p-value obtained when fitting the early time optical LC without fixing any of the parameters is p = 0.4503.
These results suggest that it is most likely that early time X-ray and optical peaks are non-simultaneous; similarly, the decay power-law index of X-ray and optical peaks are inconsistent (Table 2) , implying an uncommon origin. However, these discrepancies can be due to the sparse sampling of the optical light curve around the time of the X-ray peak or due to the model that we used to fit X-ray and optical peaks (Eq. 1). We therefore cannot exclude the possibility that the optical emission is simultaneous with the early time X-ray/gammaray peak, although we can reject the hypothesis that peaks are simultaneous at 90% confidence level, based on the p-value.
If we assume that the early time optical peak is not from the same emission region as the gamma-ray and X-ray peaks at that time, we can test if the optical peak is perhaps due to external shock afterglow emission. We see that the optical LC in the r band looks like a combination of the reverseexternal (RS) and the forward-external shock (FS) emission, as described by Zhang, Kobayashi & Mészáros (2003) . If the first peak is the contribution from the RS , the power-law indices should be α RS rise = −5 and α RS decay = 2. The second peak in this scenario is produced by the FS and the theory predicts that the power-law indices should be α FS rise = −0.5 and α FS decay = 1 (Sari, Piran & Narayan 1998) . Following that, we fitted our optical data by fixing the values of indices to the theoretical values. Fit results are presented in Table 2 , and it is evident that the overall LC shape is not fitted well with the RS/FS model (reduced χ 2 value from the RS/FS model is higher than for the case where no specific indices were assumed). Due to the steep decay index (α decay = 4.19), which is steeper than the index for the high latitude emission (α = 2 + β; this is the maximal value allowed in the external shock model) we rule out a simple RS origin of the early time optical emission. 4.2. Early time spectral energy evolution We constructed the spectral energy distributions (SEDs) at three different epochs after the trigger (Figure 3 ). Three epochs that we used are indicated in Figure 2 as vertical dashed lines. For the X-ray emission, we collected the data in time intervals indicated in Table 3 ). Using XSPECv12.6 software, we fitted the SMC-like extinction profile (Pei 1992) to the joint X-ray and optical SEDs. We used the zdust * wabs * zwabs extinction model, where we fixed the extinction ratio to R V = 2.93. The best fits in Epochs 1 and 2 were obtained when we used the power-law model, and in Epoch 3 when we used the broken power-law model (for the broken power-law model we assumed β X = β opt + 0.5). The results of the fits are presented in Table 3 . Because the redshift of GRB 090727 is not known, we fixed it to z = 0 and the values of E(B-V) therefore represent the upper limits. When fitting all epochs simultaneously using the power-law model for Epochs 1, 2, and broken power-law model for Epoch 3, with E(B-V) as a common parameter, we obtain E(B − V) < 1.14 (χ 2 red is 0.8 with 61 d.o.f.). The spectral evolution is evident from SEDs, and the best fit models indicate the transition of the spectral break frequency. The X-ray to optical spectral index β (β = Γ − 1, where Γ is photon index) is smaller before and during the X-ray peak at t ≈ 267 s as compared to the value after the peak (Table 3) . These values are consistent with the values reported in Table TABLE 2 NOTE. -Early time X-ray data were fitted with the Beuermann profile (Eq. 1). Optical data were fitted with the sum of two contributions of the form of Eq. (1). We also fitted the optical data assuming the reverse-(RS) and the forward-(FS) external shock scenario (Zhang, Kobayashi & Mészáros 2003) Figure 2 . Joint X-ray and optical fits are plotted with solid lines. NOTE. -Times since the GRB trigger are given for the optical data points. The time intervals used for fitting correspond to the ones from Table 1. In Epochs 1 and 2 the best results were obtained using the powerlaw (PL) model, while in Epoch 3 the broken power-law (BPL) model was used, combined with the extinction model (zdust * wabs * zwabs) and assuming SMC-like extinction. Values for E(B-V) are upper limits (at z = 0). The break energy for the BPL fit for Epoch 3 is E break = 0.19 keV. The confidence intervals are at 90%.
1 for the X-ray spectra. 4 .3. The origin of the optical emission In summary, we rule out the reverse-external shock origin for the early time optical emission in GRB 090727 and instead conclude that the early time optical flash likely corresponds to emission from an internal shock region. Although our modelling favours the non-simultaneous X-ray and optical peaks, due to the lack of observational data points around the peak time it is inconclusive.
If the early time X-ray and optical peaks are simultaneous, they are caused by the same internal shock (the same collision inside the flow). On the other hand, if they are nonsimultaneous, the peaks would originate from a slightly different locations in the flow (different internal shock components), possibly at different lab times and/or a different radii of the expanding flow.
We now examine other GRBs with contemporaneous gamma-ray and optical observations to test the origin of their emission components and put GRB 090727 in a broader observational and theoretical context.
GRBS WITH EARLY TIME OPTICAL EMISSION
Up to January 2012, there were at least 36 GRBs with optical emission detected during prompt gamma-ray emission (Table 4) 6 . This is a heterogeneous sample whose properties are determined by the start time of optical observations relative to the gamma-ray emission, the optical brightness, the density of sampling and the intrinsic light curve properties.
Based on the optical LC shape during gamma-ray emission we can define three categories: (a) Optical emission shows single or multiple peaks during gamma-ray emission, (b) Optical emission decays during gamma-ray emission and (c) Optical emission rises during gamma-ray emission and peaks after the end of gamma-ray emission. In Table 4 we summarise the properties of the master sample including qualitative indications of light curve morphology. Figure 4 shows NOTE. -Columns are: GRB identifier, T 90 , redshift, E γ iso (in 10 53 erg), LC morphology, included in the sub-sample (yes/no), references (given in footnote 6). Another event (GRB 080330) has an optical emission detected during gamma-ray emission (Guidorzi et al. 2009 ), but it was not added here since it was classified as an X-ray flash. A strong optical flare also occurred at early times in GRB 080129, but it was not added to our sample because the optical emission was not detected during the gamma-ray emission (Greiner et al. 2009 ). Light curve morphology: (a) Optical peak/peaks during gamma-ray emission, (b) Optical decay during gamma-ray emission, (c) Optical rise during gamma-ray emission. * Redshift was not determined spectroscopically. The corresponding E γ iso was calculated at a given redshift.
a The optical flare at ∼ 500 s after the trigger ) occurs after the end of the prompt gamma-ray emission, but it is coincident with the Xray flare, suggesting a common origin via the late internal shock model (Wei, Yan & Fan 2006) . b The optical bump at ∼ 250 s after the trigger is perhaps coincident with the late time gamma-ray activity (late internal shocks), but it is non-prominent when compared with the background afterglow component ).
c Early time optical peak is probably associated with the prompt emission (Guidorzi et al. 2011) , but this GRB was not included in the sub-sample due to sparsity of the data and too few optical data points during the peak to allow detailed temporal analysis.
redshift and E γ iso distributions for GRBs from Table 4 , which have an optical detection during gamma-ray emission. We see that the distributions appear consistent with a general GRB population when comparing them with, for example, Figure 10 from and Figure 4 from . The distributions appear consistent also for a subgroup of GRBs which show optical peak/peaks during gamma-ray emission (category (a) optical LCs) and which are studied in this paper. GRBs which show optical detection during prompt gamma-ray emission (green bars). Red line represents 17 GRBs for which optical LCs show peaks during gamma-ray emission and which were studied in the sub-sample. GRB 090727 is not included since no redshift and E γ iso are available.
In order to perform a detailed temporal analysis to investigate more thoroughly the origin of early time optical emission, we select a heterogeneous sub-sample of 18 GRBs that show behaviour similar to GRB 090727, i.e., where early time optical emission displays single or multiple peaks during gamma-ray emission (category (a)). Various interpretations for GRBs with early time optical emission have been proposed in the literature, and by studying the sample of such GRBs we aim to investigate whether there are any similarities amongst them. Similar studies of GRBs with early time optical detections (and with early time optical upper limits) were presented in Yost et al. (2007b) and Yost et al. (2007a) , as well as in Panaitescu (2008) , but there they concentrated mostly on the spectral properties. In this paper we additionally explore the temporal domain, focusing attention on GRBs for which early time optical emission shows peaks during gamma-ray emission (Figures 5 and 6) .
In the Appendix A (A.1-A.17) we describe the following GRBs from the sub-sample that we study together with GRB 090727: GRB 990123, GRB 041219A, GRB 050820A, GRB 060526, GRB 060729, GRB 060904B, GRB 061007, GRB 061121, GRB 080310, GRB 080319B, GRB 080810, GRB 080905B, GRB 080928, GRB 081008, GRB 100901A, GRB 100906A and GRB 110205A. Information gathered from the literature can help us understand the nature of the early time optical emission for each case in more detail. In the main part of this paper we concentrate on epochs during gamma-ray emission and on temporal and spectral characteristics. However, in the Appendix A we also summarise the properties of the late time afterglow behaviour, GRB energetics and optical light curve shapes and characteristics, to obtain a broader picture.
SAMPLE DISCUSSION
The sample of GRBs which show optical peaks during their gamma-ray emission is clearly inhomogeneous, as inferred from the shape of the light curves at early and late times (see -Gamma-ray (light blue solid line), X-ray (green crosses) and optical (red points) normalised light curves for GRBs from the sub-sample. Red solid line represents the best optical peak profile fit (Norris or Gaussian), with parameters taken from Table 5 . Optical emission references and filter bands are given in Appendices A.1-A.17. X-ray emission references: all from the XRT lightcurve repository (Evans et al. 2009b ). Gamma-ray emission references: a) BATSE archive, 100 − 300 keV; b) BAT archive, 15 − 100 keV; c) solid line: KONUS, 18 − 70 keV; dotted line: BAT archive, 15 − 150 keV; f) BAT archive, 10 − 20 keV; c), d), e), g), h), i), j), k), l), m), n), o), p), q) and r) BAT archive, 15 − 150 keV. Gamma-ray energy bands and time bins are chosen in a way to best represent the LCs features.
Figures 5 and 6), as well as from the various different theoretical interpretations presented in the Appendix A. Our motivation is to try to examine in detail all the properties that we can obtain during early phases of GRBs and determine whether there exists a common model to interpret prompt optical emission.
Temporal properties
Various mechanisms can produce features in the temporal domain of early time optical emission. In many cases, optical LCs at early times are very sparsely sampled, causing difficulty in interpreting the behaviour. It is possible to simply discuss the morphology of the LCs: several LCs show one or more optical peaks during gamma-ray emission (category (a) from Section 5), while many LCs show only the power-law rise or decay behaviour. This is clearly an observational bias, since optical observations can start too late and the peak on- FIG. 6.-Early time optical light curves in the observer (left) and in the z = 2 (right) reference frame for GRBs in the sub-sample. Magnitudes are corrected for the Galactic extinction, but not for the host galaxy extinction. For GRB 090727 we could not scale the light curve due to unknown redshift, while for GRB 041219A and GRB 060111B we used redshifts provided in Table 4 . For GRB 080905B and GRB 100901A the magnitudes are preliminary (A.12, A.15). set is missed, or gamma-ray emission is relatively short-lived and the peak occurs after the end of prompt gamma-ray emission. When dealing with LCs that show optical peaks during gamma-ray emission, it is sometimes non-trivial to determine the peak time and the rise and decay indices, especially when there are only a few data points. Nevertheless, it is interesting to investigate whether gamma-ray and optical emission are simultaneous, which would require that they peak at the same time and have similar rise and decay slopes. This would indicate that we may be dealing with radiation across the spectrum coming from a single emission site.
For a number of GRBs it seems that optical LC tracks gamma-ray and/or X-ray emission (e.g., GRB 060526 -App. A.4; GRB 061121 -App. A.8; GRB 080319B -App. A.10; GRB 110205A -App. A.17), but it is not trivial to confirm the temporal correlation due to insufficient optical coverage or inconsistent power-law indices in most cases. On the other hand, there are several cases where early time optical emission is clearly not directly correlated with gammaray emission or where optical emission is too poorly sampled to see any clear correlation (e.g., GRB 990123 -App. A.1; GRB 080928 -App. A.13). Rykoff et al. (2009) studied 12 GRBs with early optical detection and concluded that for none of them show obvious correlation between optical and gamma-ray emission.
From the available literature (for the references see Appendices A.1-A.17) we gathered early time photometric data for GRBs in the sub-sample. In Figure 5 we plot all of the LCs with normalised flux density in gamma-ray, X-ray, and optical bands. We also plot in Figure 6 all early time optical LCs, both in the observer's frame and in the rest frame at the average redshift of z = 2 (using Eq. 1 from Panaitescu & Vestrand 2008) . We can clearly see the diversity of LCs at early times. There is no clear "canonical" early time optical LC. At ∼ 1000 s after the trigger, optical LCs start to show the canonical afterglow shape, with comparable and consistent decay indices.
GRBs studied in this paper are long duration GRBs. It is clear that long duration is crucial to obtain optical measurements during gamma-ray emission, but this is an observation bias. We further noticed that many GRBs in the subsample have very similar gamma-ray emission LC: when initial gamma-ray peak decays, it is followed by the second and sometimes even the third peak. In some cases there is extended gamma-ray emission present after the initial peak. This behaviour lasts for tens or sometimes even hundreds of seconds. It is thus not trivial to interpret early time optical emission and its origin, especially while it may be due to the standard afterglow emission produced by the initial gammaray peak, especially when optical LC shows smooth and nonsteep behaviour.
To analyse the temporal properties of optical peaks, namely the duration (w) and the time when a peak reaches its maximum (t peak ), we first fitted the Norris profile (Norris et al. 2005) , which is usually applied when dealing with peaks that show fast rise and exponential decay, although it is not necessary a true physical model. The profile takes the form (Norris et al. 2005) :
where A is the normalisation constant and τ 1 and τ 2 are factors that control the shape of the pulse, however they are not directly rise and decay constant, but their combination across the whole pulse's duration influences the overall profile. From these parameters one can determine the peak time t peak = √ τ 1 τ 2 and the peak duration w = τ 2 1 + 4 τ 1 /τ 2 (Norris et al. 2005) . Besides the Norris profile, we also fitted the Gaussian profile (following Burrows et al. 2006 and Krühler et al. 2009 ) in the form:
where σ = FWHM/(2 √ 2 ln 2) and we estimated the duration of the peak as w = 2 × FWHM. Although this model is even less physically motivated than the Norris model, it provides a reasonable fit in a few cases. Following Chincarini et al. (2010) , we calculated the typical relative time-scales of variations for optical peaks (w/t peak or ∆t/t). The results are presented in Table 5 . The results from fitting the Gaussian profile are only given if they provide a better fit. Furthermore, we note that the results of the fit are in some cases indicative of a bad model, but this could also be due to the heterogeneous sample (especially non-homogeneous photometric calibration of optical observations). Although the values for the duration and the peak time are reasonable, the derived uncertainties in such cases can be underestimated. Especially for GRBs where there are only a few data points and the uncertainties obtained from the photometry are very small (e.g., GRB 990123 and GRB 050820A), this leads to a very high χ 2 of the fit. Due to consistency with our analysis we decided to keep the results despite the poor fit. Figure 7 shows the number of optical peaks having certain ratio between the duration and the time of the peak, ∆t/t (= w/t peak ). We used the best fit values for each GRB from Table 5 . We did not plot the values for the peaks which could be affected by the afterglow emission, as inferred from their smooth and non-steep light curve behaviour typically at later times or from the literature (App. A). These values are marked with † in Table 5 . When plotting the histogram of the ∆t/t distribution, care must be taken as there are large ∆t/t error bars in several cases. To take into account these error bars in the histogram, we performed the following Monte Carlo simulation: for each GRB from the sub-sample we chose a ∆t/t value, as obtained from the data (Table 5) . We added/subtracted the corresponding ∆t/t deviation, which is also obtained from the data, but we multiply this deviation with the normally distributed ran- -Distribution of the ratio between duration and peak time (w/t peak or ∆t/t) for early time optical peaks. Data are obtained from Table 5 using the best fit values for each GRB (red points and the corresponding green histogram). Light blue normalised histogram in the background represents a Monte Carlo simulation, which takes into account also the ∆t/t error bars (associated with red points).
dom coefficient: −12.6 ± 2.0 17.9 ± 3.1 77 ± 1 080310 −3.9 ± 1.0 2.8 ± 0.9 255 ± 14 080310
−11.2 ± 4.4 7.9 ± 2.6 406 ± 23 100906A −2.9 ± 0.5 1.0 ± 0.1 124 ± 9 110205A −7.6 ± 3.4 3.4 ± 0.9 212 ± 24
NOTE. -Rise and decay power-law indices for GRBs in the sub-sample, as obtained by assuming the peak time from the last column. References are given in Appendices A.1-A.17. For GRB 041219A, GRB 060729, GRB 080905B and GRB 080928 there are too few data to perform the fit, so the power-law indices are rough estimates (estimated from only two data points, as explained in Appendix A for each GRB). For GRB 061007, GRB 080319B and GRB 081008 two peak times are given because the LC is composed of at least two well separated optical peaks. † indicates that the power-law index is associated with the afterglow and not directly with the optical flash; these values are not presented in Figure 8 .
where represents a random number drawn from a normal distribution with zero mean and unit variance and δ[∆t/t] is the error, associated with the mean value of ∆t/t from Table  5 . We generated 10 5 simulated ∆t/t values by this method and plotted the normalised histogram in Figure 7 (light blue color in the background). With this method we can check when the error bars should be considered with care. For example, we see in Figure 7 that GRB 990123, GRB 061007 and GRB 080319B make a significant bump at ∆t/t > 1 (although ∆t/t for the peak of GRB 061007 might be affected by the afterglow emission and does not necessary represent only the early time optical flash). On the other hand, for GRB 080905B and GRB 060904B we can not confirm the high ∆t/t because of their large error bars.
In Table 6 and Figure 8 we present the power-law rise and decay indices as reported in the literature or obtained from the data by fitting the simple power-law or the Beuermann profile (Eq. 1). References are given in Appendices A.1-A.17. In Figure 8 the radius of the circle around each data point represents the relative time-scale of the variations -larger radius means higher ∆t/t.
Steep rise and decay of early time optical emission ( Figure  8 ) and sharp optical peaks (∆t/t < 1; see Figure 7 ) likely imply the internal shock scenario for the majority of GRBs in the sub-sample. However, for a few cases (e.g., GRB 080810, GRB 081008, GRB 100906A) the large ∆t/t value from Table 5 (especially the values marked with the † , which are not presented in Figure 7 and believably represent the domination of the afterglow emission) and low α decay and |α rise | indices are consistent with the external shock model, which could probably be the correct interpretation for these cases. Table 6 . Green points are obtained by fitting the optical LC or from the literature, while blue points represent rough estimates (as explained in text and in Appendix A for each GRB). Gray shaded area shows the region of power-law indices as expected from the external shock model, i.e., |α rise | 5 and α decay 2 (Zhang, Kobayashi & Mészáros 2003) . The radius of the circle around each point represents the relative value of ∆t/t (= w/t peak ) from Table 5 -larger radius means higher ∆t/t.
Spectral properties
It is interesting to study prompt optical emission in the spectral domain. Yost et al. (2007b) , for example, studied flux densities of optical and gamma-ray emission and found that gamma-ray spectrum may predict, overpredict or underpredict the optical flux, which leads to different interpretations. They concluded that there is no universal ratio between optical and gamma-ray flux densities. Panaitescu (2008) analysed 64 GRBs with optical observations during prompt gamma-ray emission (35 among these have only an upper limit in the optical band) and found that for 10 of them the optical flux is 1 − 4 orders of magnitude brighter than the extrapolation of gamma-ray spectrum to optical frequencies. The diversity of the brightness of optical emission in GRB prompt phase is thus rather rich, but it can be biased towards bright optical emission. This is due to the fact that the smaller robotic telescopes usually start observations relatively quickly (e.g. tens of seconds) after the trigger, but are not able to detect faint emission (e.g. below ∼ 18 mag).
To study the spectral properties for Swift GRBs in the subsample we have generated gamma-ray spectra in the time interval of interest (during the exposure time of the corresponding optical emission) and in 15 − 150 keV range using the batbinevt tool (we further used batupdatephakw and batphasyserr to apply corrections to the spectra, and we used the weighted count averaged energy response to fit the spectra if the time of interest included pre-slew, slew and postslew intervals). We fitted the spectra with a simple power-law model and extracted the power-law indices Γ (= β γ + 1) and the flux densities at certain frequencies. We note that the BAT passband is relatively narrow and that β γ values are not so robust as they would be if using an instrument sensitive in a broader GRB spectral range, which typical extends to several hundreds keV. For GRB 990123, GRB 041219A and GRB 050820A, the values were taken from Yost et al. (2007a) and Yost et al. (2007b) . We gathered optical LCs for the subsample from the literature (references are given in Appendices A.1-A.17). We corrected the observed magnitudes for both the Galactic extinction (Schlegel, Finkbeiner & Davis 1998) and the host galaxy extinction (where available, references are given in Appendix A). The final values are gathered in Table  8 .
In Figure 9 we plot the power-law slope of gamma-ray spectrum (β γ ) versus the power-law slope of optical-to-gammaray index (β OPT−γ ). This plot shows that gamma-ray spectrum can in principle overpredict (if β OPT−γ < β γ ) or underpredict (if β OPT−γ > β γ ) the optical flux. When optical flux is lower than the extrapolation of gamma-ray spectrum to the optical region, we could interpret it as an indication of a spectral break. This is the region below the diagonal line in Figure  9 . On the other hand, when optical flux is higher than the extrapolation of gamma-ray spectrum to the optical region, this could be an indication that we are dealing with some additional, separate emission component in optical regime. This is the region above the diagonal line in Figure 9 . In general, the inconsistency between β γ and β OPT−γ could also be due to a different emission mechanisms. Figure 9 shows one case (GRB 080928) where β OPT−γ is negative and one case (GRB 990123) where β γ is negative. In the first case, the behaviour could be explained by a steep spectral break or multiple spectral breaks in the SED, depending on the position of the synchrotron typical and cooling frequencies. The second case does definitely not represent a typical SED, but it could be explained in a context of distinct emission regions or different synchrotron processes in optical and gamma-ray regime. However, although both β γ and β OPT−γ distributions in Figure 9 show relatively large dispersions, they are within the range of β = −1/3 to β = 3/2, i.e., consistent with the synchrotron spectra of a relativistic shocks and electron power-law distribution indices of p = 2−3 (Sari, Piran & Narayan 1998) .
In Figure 10 we show the temporal evolution of the flux ratios between gamma-ray and optical emission ((νF ν ) gamma /(νF ν ) opt ), together with the corresponding histogram that shows the distribution of the average flux ratios for GRBs in the sub-sample (green histogram). Light blue normalised histogram in the background represents a Monte Carlo simulation that generates 10 4 histograms by taking into account also the span of the flux ratios for every GRB. This information could otherwise be lost by averaging the flux ratio. The method is similar as described before by Eq. (5).
We see that the (νF ν ) gamma /(νF ν ) opt distribution spans over wide range of almost 5 orders of magnitude, with no common flux ratio. This raises the question of whether it is possible for any single model to predict emission over such a wide range of flux ratios, or whether individual distinct models are necessary to explain prompt GRB emission case by case.
INTERNAL SHOCK DISSIPATION MODEL
To test whether one model could explain early time optical emission occurring simultaneously with gamma-ray emission, we used a very simple internal shock dynamics model. The results from the observations -namely sharp optical peaks and steep rise and decay of optical peaks -hint at internal shock origin. Similarly, the diversity in the measured parameters implies some random processes, pointing towards prompt phase origin. Another advantage of this simple model is that the temporal correlation between gamma-ray and optical emission is not a requirement, as the synchrotron emission in different regimes does not necessary originate from the same location (same relativistic shells).
Model
Let us assume that the central engine of a GRB ejects a highly relativistic shell (A) with a certain bulk Lorentz factor γ A and isotropic equivalent kinetic energy luminosity L A . Some time later (δt, which can be estimated from the variability of the light curve), another shell (B) is ejected with γ B and L B . If γ B > γ A , the faster shell catches up with the slower one and the inelastic collision occurs. The collision radius for (γ A , γ B ) 1 is given by R is = 2γ
2 ) ). Due to the collision, a pair of internal shocks is generated: a forward and a reverse shock. Forward shock propagates into the shell A, while the reverse shock propagates into the shell B, and those are separated by the contact discontinuity surface. We denote the regions as: 1 = shell A, 2 = shocked shell A, 3 = shocked shell B, and 4 = shell B. Lorentz factors are γ 1 = γ A , γ 4 = γ B , γ 2 = γ 3 ≡ γ. Shocked regions 2 and 3 move relative to unshocked regions 1 and 4 with the following relative Lorentz factors ):
According to the jump conditions between the two sides of a shock (Blandford & McKee 1976) , the internal energy densities of the two shocked regions are e 2 = (γ 21 −1)(4γ 21 + 3)n A m p c 2 and e 3 = (γ 34 − 1)(4γ 34 + 3)n B m p c 2 , where
. From the mechanical equilibrium requirement (e 2 = e 3 ), we get:
By solving the Equations (6) and (7) we obtain the value of γ, which is the Lorentz factor of the shocked regions (the system usually has more than one solution, but only one of them is real and matches the criterion γ A < γ < γ B ). Now that we have γ, γ 21 and γ 34 (which are constant during shock crossing the shell, Yu & Dai 2009), we can obtain the synchrotron spectrum of relativistic electrons in magnetic field. Following Dai & Lu (2002) and we calculate the total number of electrons in the forward (N e,2 ) and reverse (N e,3 ) shocked regions, the strength of the magnetic fields (B 2 , B 3 ), the minimum (γ e,m,2 , γ e,m,3 ) and the cooling (γ e,c,2 , γ e,c,3 ) Lorentz factors, and finally the characteristic synchrotron frequencies and peak flux densities (Sari, Piran & Narayan 1998; :
Using the synchrotron spectrum formulae (Sari, Piran & Narayan 1998) we obtain:
where
and q = 2 for ν c,(2,3) < ν m,(2,3) and q = p for ν c,(2,3) > ν m, (2, 3) . By replacing ν with the typical gamma-ray and optical frequencies, we can calculate the flux density of gammaray and optical emission from the synchrotron model in the forward and reverse shock regions.
Finally, we draw attention to the synchrotron selfabsorption (SSA), which is able to suppress gamma-ray or optical emission (Panaitescu & Kumar 2000; Shen & Zhang 2009 ). We calculated the SSA thickness (τ SSA ) at gamma-ray and optical frequencies and ignored the SSA break if τ SSA is much smaller than 1.
Simulation and results
Following the method described above we generated 100 events (GRBs), among which every event produced 50 relativistic forward and reverse shocks that emitted synchrotron radiation as described by Eq. (9). For γ A and γ B we chose random values from γ min = 50 to γ max = 10000 that were uniformly distributed in log space, and required γ B > 100 × γ A to increase the efficiency of the internal shocks (Kobayashi, Piran & Sari 1997) . Similarly, we chose random values for the luminosities L A and L B that were uniformly distributed in log space from L min = 10
to L max = 10 50 erg s −1 , without specifying which luminosity should be higher. For the variability time-scale δt we chose random values from δt min = 0.01 s to δt max = 10 s, uniformly distributed in linear space. We randomly chose the redshift in the interval from z min = 0.5 to z max = 3.5 (roughly consistent with the sample) and calculated the corresponding luminosity distance (d L ).
We assumed p = 2.5 for power-law electron distribution, and chose ν OPT = 5.4 × 10 14 Hz and ν γ = 7.8 × 10 18 Hz, as obtained from the observations. We used e = 0.5 and B = 0.01. With these initial parameters we run the calculation described in the previous section.
In Figure 11 we present the results obtained from the simulation, in the form of normalised flux ratio distribution for the sum of both the forward and the reverse internal shocks contributions:
The height of the distribution obtained from the simulation depends on the normalisation and does not give any direct physical information. However, when comparing the results from the simulation and the observed flux ratio distribution (from Figure 10 ) it is evident that the synchrotron emission during internal shocks can produce radiation spanning over a wide range of flux ratios. By examining the parameter space using a simple internal shock dissipation model, we were able to obtain comparable results to those obtained from the observations. The only requirement that we used was that the two colliding shells have very different Lorentz factors. Figure 10 ) and from the internal shock dissipation model simulation (normalised brown solid line for the sum of both forward and reverse internal shocks contributions).
CONCLUSION AND DISCUSSION
We presented a detailed analysis of GRB 090727, which shows an early time optical emission during the prompt gamma-ray emission. By modelling the early time optical light curve as obtained from the Liverpool Telescope and comparing the peak time and the shape of the optical flash with the contemporaneous X-ray peak, the most probable scenario is that the peaks are temporally non-simultaneous, although this is not conclusive due to the scarcity of observational data points during the peak time.
The rise (α rise ≈ −7.8 ± 2.2) and decay (α decay ≈ 4.2 ± 1.3) indices for the early time optical peak, as well as the spectral evolution and rather low X-ray to optical spectral index, disfavour the early time optical peak as an afterglow emission from the external shock, either from the forward-external or reverse-external shock. Instead, we conclude that the early time optical flash likely originates from an internal shock region. If the early time optical and X-ray peaks are simultaneous, this would suggest that they are produced by the same internal shock, whereas if they are non-simultaneous, the peaks originate from a slightly different internal shock (or other internal dissipation mechanism) components.
To study GRB early time optical emission in more detail, we select a sub-sample of 18 GRBs for which optical emission peaks during gamma-ray emission. We study early time temporal and spectral properties. We fitted optical LCs with Norris and Gaussian profiles and determined the peak time and the peak duration. We obtained the rise and decay powerlaw indices of early time optical peaks from the literature or by fitting the Beuermann profile or a simple power-law behaviour. We calculated gamma-ray spectral indices, opticalto-gamma-ray spectral indices and flux ratios between optical and gamma-ray.
We found a large diversity in all these observed properties, which strongly imply some random processes. The lack of any common features thus challenge the theoretical models for prompt GRB emission. Furthermore, we found that the clear correlation (same peak time and power-law indices) between gamma-ray and optical emission during prompt GRB phase is rare, but this could also be due to the sparse optical coverage.
Using a simple internal shock dissipation model, in which relativistic shells collide and form two internal shocks (forward-internal and reverse-internal), we examine the parameter space. By using random initial parameters from a typical GRB parameter space we simulate the evolution of relativistic shocks. The results show that dissipation within internal shocks can produce radiation at optical and gammaray frequencies and that the flux ratios between optical and gamma-ray can be diverse, spanning over many orders of magnitude. This is in agreement with the observations. We therefore conclude that the internal shocks could be the origin of both gamma-ray and early time optical flashes for a majority of GRBs in the sub-sample.
For a few GRBs, however, we can not exclude other mechanisms, especially where properties like power-law indices, ∆t/t or β OPT−γ values point towards certain theoretical description that is perhaps independent of the optical to gammaray flux ratio. The optical flash in GRB 990123 is believed to be produced by the reverse-external shock (A.1); optical light curves in GRB 080810 and GRB 081008 are likely produced by the forward-external shock, but superimposed optical flashes may be due to internal shocks (A.11,A.14); early time optical emission in GRB 080310 is probably due to reverse-external shock, based on the power-law indices and ∆t/t; GRB 100906A shows non-sharp and shallow optical light curve, which is indicative of the forward-external shock origin. All these GRBs show rather shallow decay/rise indices and rather large ∆t/t (see Figure 8 ). For other GRBs in the sub-sample we propose dissipation within internal shocks as an origin for early time optical flashes.
This work made use of data supplied by the UK Swift Science Data Centre at the University of Leicester. We acknowledge support from STFC and the Royal Society. Swift mission is funded in the UK by STFC, in Italy by ASI, and in the USA by NASA. The In the following subsections we summarise the basic properties of 17 GRBs with early time optical emission (besides GRB 090727) from the sub-sample.
A.1. GRB 990123 Literature: Gamma-ray emission was due to inverse Comptonisation, while the simultaneous optical emission was produced by synchrotron processes, either in the internal or the reverse-external shocks (Panaitescu & Kumar 2007) . Vestrand et al. (2005) suggested that the optical emission was generated by different process than the prompt gamma-ray emission, i.e., by the reverse external shock arising from the ejecta's collision with the surrounding material.
Energetics: At redshift z = 1.6 this GRB had an isotropic gamma-ray energy release of E γ,iso = 1.6 × 10 54 ergs above 20 keV (Briggs et al. 1999) .
Light curve: Power-law indices for the optical peak are α rise < −3.5 and α decay = 2.1 ± 0.2 (Melandri et al. 2010) .
Optical data in V equivalent band were obtained from Akerlof et al. (1999) . They calibrated the magnitudes against the Tycho catalogue. To fit the Norris profile to the early time optical peak, we added ±0.15 mag systematic error in quadrature to the original photometric errors, as inferred from Akerlof et al. (1999) .
A.2. GRB 041219A Literature: Emission at different frequencies is likely coming from single emission region. Optical component was due to internal shocks in the GRB outflow. The correlation between optical and gamma-ray emission suggests a common mechanism . There are some alternative possible emission mechanisms, like for example saturated Comptonization Zheng et al. 2006) . Initial optical peak is followed by a short lasting and powerful infra-red flash at ∼ 450 s after the trigger (Blake et al. 2005) . interpreted that as an external reverse shock, superimposed on forward shock afterglow emission. This interpretation is also supported by the radio data .
Energetics: There was no redshift measured for this GRB, but the best fit solution gives z = 0.31 +0.54 −0.26 for the photometric redshift (Götz et al. 2011) . This corresponds to an isotropic gamma-ray energy release of 2 × 10 51 ergs ≤ E γ,iso ≤ 2 × 10 54 ergs in 1 keV − 10 MeV band (Götz et al. 2011 ). Light curve: During the optical peak, the optical coverage is insufficient to perform the fit, but if we take the first two and the last optical data point from the peak ( Figure 5 ) and simply estimate the power-law indices we get roughly α rise ∼ −5.4 and α decay ∼ 4.6.
Optical data in R C band were obtained from Vestrand et al. (2005) .
A.3. GRB 050820A Literature: The early time optical LC shows a complex shape due to contributions from internal and external shocks. The onset of the afterglow occurs during the prompt GRB phase. The weak optical flash before the onset of the afterglow is likely associated with the internal shocks Genet, Daigne & Mochkovitch 2007) .
Energetics: At redshift z = 2.615 this GRB had an isotropic gamma-ray energy release of E γ,iso = 8.3
53 ergs in 0.02 − 2 MeV band ). Light curve: The LC is complex, so it is not obvious which rise or decay index is consistent with the observed evolution. The optical afterglow emission peaks at ∼ 425 s after the trigger, when gamma-ray emission is still active (Figure 5) . After that the optical afterglow decays with α decay = 0.97 ± 0.01 (Melandri et al. 2010) .
Optical data in R-equivalent band were obtained from Vestrand et al. (2006) . They calibrated the magnitudes against the USNO-B1 catalogue. To fit the Norris profile to the early time optical peak, we added ±0.2 mag systematic error in quadrature to the original photometric errors.
A.4. GRB 060526 Literature: Thöne et al. (2010) argued that the central engine activity dominates the early time optical light curve. Early time optical emission could be associated with the late internal shock scenario. The optical LC at later times shows some deviations from the smooth power-law behaviour, which can be explained by energy injections from the central engine (Dai et al. 2007; Thöne et al. 2010) .
Energetics: At redshift z = 3.221 this GRB had an isotropic gamma-ray energy release of E γ,iso ≈ 2.4 × 10 52 ergs in 15 − 150 keV band (Thöne et al. 2010) . Light curve: Rise and decay power-law indices for the optical flash which peaks at ∼ 256 s after the trigger are α rise = −12.8 ± 3.0 and α decay = 5.8 ± 0.8 (Thöne et al. 2010) .
Optical data in the UVOT v band were obtained from Thöne et al. (2010) . For the purpose of the spectral analysis we corrected the magnitudes for additional host galaxy absorption of A rest V = 0.06, or, assuming the SMC-like extinction, for A v = 0.26 mag in the observer frame (Thöne et al. 2010) .
A.5. GRB 060729 Literature: No particular model for the early time optical peak has been proposed in the literature. The first optical peak is extremely dim with respect to the gamma-ray or Xray brightness ). The very long-lived and extremely flat optical afterglow LC at later times could be due to the long-duration energy injection (Grupe et al. 2007; Xu et al. 2009 ).
Energetics: At redshift z = 0.54 this GRB had an isotropic gamma-ray energy release of E γ,iso ≤ 1.6 × 10 52 ergs in 1 keV − 10 MeV band (Grupe et al. 2007 ).
Light curve: During the first optical peak at 95 s after the trigger the coverage is insufficient to perform the fit ). If we take the first two and the fifth optical data points ( Figure 5 ) and simply estimate the power-law indices we get roughly α rise ∼ −6.7 and α decay ∼ 3.7.
Optical data in R C band were obtained from . For the purpose of the spectral analysis we corrected the magnitudes for additional host galaxy absorption of A rest V = 0.07, or, assuming the SMC-like extinction, for A RC = 0.1 mag in the observer frame (Zafar et al. 2011) .
A.6. GRB 060904B Literature: This GRB shows similar behaviour as GRB 060729. The X-ray flare at ∼ 170 s after the trigger is very bright and comparable with the optical emission at that time. The optical LC is extremely flat at later times ). Klotz et al. (2008) argued that the optical peak coincides with the initial X-ray flare, but due to different temporal decay indices it is not obvious if peaks are correlated and if the emission is coming from single region.
Energetics: At redshift z = 0.703 this GRB had an isotropic gamma-ray energy release of E γ,iso ∼ 2 × 10 51 ergs in 15 − 150 keV band (Klotz et al. 2008) .
Light curve: Early time optical LC shows many peaks. The first peak occurs at ∼ 55 s after the trigger and the limits for the power-law indices are α rise < −0.8 and α decay > 0.2 ). Our rough estimation gives α rise ∼ −1.1 and α decay ∼ 1.3. After the end of the first peak the optical LC shows complex behaviour until ∼ 585 s after the trigger, when the optical emission reaches the maximum brightness and then decays with the power-law index α decay ≈ 1. At ∼ 1000 s after the trigger the optical plateau occurs, lasting for about 1500 s. The emission is again decaying with the power law index α decay ≈ 1 after the end of the plateau.
Optical data in R C band were obtained from . For the purpose of the spectral analysis we corrected the magnitudes for additional host galaxy absorption of A rest V = 0.08, or, assuming the SMC-like extinction, for A RC = 0.12 mag in the observer frame (Kann et al. 2010) .
A.7. GRB 061007 Literature: While the late time optical LC is consistent with the forward-external shock afterglow emission (Mundell et al. 2007b ), Rykoff et al. (2009) argued that perhaps at early times some prompt GRB processes contribute to the emission in the optical regime.
Energetics: At redshift z = 1.261 this GRB had an isotropic gamma-ray energy release of E γ,iso ∼ 10 54 ergs in 1 keV − 10 MeV band (Mundell et al. 2007b) .
Light curve: It is not clear weather the early time optical peak occurs at ≈ 58 s or at ≈ 95 s after the trigger and if there is only one or maybe two peaks. Reported power-law indices are α rise ∼ −9 and α decay = 1.7 ± 0.1 (Melandri et al. 2010) .
Optical data in R C band were obtained from . For the purpose of the spectral analysis we corrected the magnitudes for additional host galaxy absorption of A rest V = 0.48, or, assuming the SMC-like extinction, for A RC = 0.98 mag in the observer frame (Mundell et al. 2007b) .
A.8. GRB 061121 Literature: The SED during the prompt emission is harder than predicted by the standard fireball model, but spectral curvature around the break could flatten the spectral index (Page et al. 2007 ). Giannios (2008) suggested that the emission could be explained by the Poynting-flux-dominated outflow where magnetic reconnection gradually dissipates the energy. This mechanism predicts the prompt optical emission component associated with the gamma-ray emission.
Energetics: At redshift z = 1.314 this GRB had an isotropic gamma-ray energy release of E γ,iso = 2.8 × 10 53 ergs in 1 keV − 10 MeV band (Page et al. 2007 ). Light curve: By fitting the Beuermann profile (Eq. 1) to the early time optical peak in the time interval 61 − 92 s after the trigger, we get α rise = −12.6 ± 2.0 and α decay = 17.9 ± 3.1 (χ 2 red is 0.8 with 11 d.o.f.). At later times the optical LC decays differently as the X-ray LC until ∼ 50 ks after the trigger (Uehara et al. 2011) . Such LCs decoupling could be achieved by variations of the microphysical parameters or by an incoming outflow from the central engine, adding energy to the blast wave (Panaitescu & Vestrand 2011; Uehara et al. 2011) .
Optical data in the UVOT white band were obtained from Page et al. (2007) . For the purpose of the spectral analysis we corrected the magnitudes for additional host galaxy absorption of A rest V = 0.28, or, assuming the MW-like extinction, for A w = 1 mag in the observer frame (Page et al. 2007) .
A.9. GRB 080310 Literature: The optical LC is quite complex. It likely shows two bumps, with the first one showing fast rise and occurring simultaneously with the gamma-ray emission (Littlejohns et al. 2012) . Both bumps are relatively long-lasting and look like a combination of the reverse-external and the forward-external shock afterglow emission (Type I from Gomboc et al. 2009) , with some prompt component likely affecting the early time optical behaviour (Littlejohns et al. 2012) .
Energetics: At redshift z = 2.43 this GRB had an isotropic gamma-ray energy release of E γ,iso = (3.2 ± 0.3) × 10 52 ergs in 15 − 150 keV band (Littlejohns et al. 2012) .
Light curve: By fitting the sum of two Beuermann profiles (Eq. 1) to the early time optical LC in the time interval 161 − 3100 s after the trigger, we get for the first bump α rise = −3.9 ± 1.0 and α decay = 2.8 ± 0.9, while for the second bump we get α rise = −1.0 ± 0.5 and α decay = 1.0 ± 0.4 (χ 2 red is 0.9 with 14 d.o.f.). From this analysis we found that the first bump peaks at t peak = 255 ± 14 s after the trigger, while the second bump peaks at t peak = 1337±553 s after the trigger. At later times (t 10 4 s) the optical LC decays with the power-law index α decay ≈ 1.3 (Littlejohns et al. 2012) . At early times (during the first optical bump), the optical LC is likely influenced by some contribution from prompt processes, which results in rapid optical flux variations especially in the UVOT white band.
Optical data in R band (we used first two data points from the Super-LOTIS telescope and other data points from the P60 and the VLT telescopes; see Littlejohns et al. 2012 for details) were obtained from Littlejohns et al. (2012) . For the purpose of the spectral analysis we corrected the magnitudes for additional host galaxy absorption of A rest V = 0.19, or, assuming the SMC-like extinction, for A R = 0.61 mag in the observer frame (Littlejohns et al. 2012) .
A.10. GRB 080319B Literature: Extreme optical flux suggests that the emission could be produced by the synchrotron self-Compton (SSC) process ). Degree of correlation between optical and gamma-ray emission can be very sensitive to several factors, among which the important one is the location of the synchrotron peak, which should be positioned in the optical band in this case ). Racusin et al. (2008) proposed a two-component jet model together with the SSC process (which is not the only viable candidate) to explain high flux density of the optical flash during the prompt phase and the shapes of the LCs during prompt and afterglow phases. On the other hand, as the SSC model would imply additional spectral component arising from the second-order up-scattering to the GeV range, concluded that for GRB 080319B the SSC model is not correct interpretation and that the gamma-ray and optical emission are in fact not coming from the single emission region (see also Zou, Fan & Piran 2009 ). Yu, Wang & Dai (2009) proposed that optical and gamma-ray emission could both be produced by the internal shocks via synchrotron emission if the Lorentz factors of relativistic shells have a bimodal distribution.
Energetics: At redshift z = 0.937 this GRB had an isotropic gamma-ray energy release of E γ,iso = 1.3 × 10 54 ergs in 20 keV − 7 MeV band (Racusin et al. 2008 ).
Light curve: The early time gamma-ray LC is composed of multiple peaks. Similarly, the optical LC is complex and shows the presence of 4 early time peaks, which are nearly equidistant (Beskin et al. 2010) . Optical emission rises until around ≈ 20 s after the trigger, then it decays slightly but rises again at around ≈ 45 s after the trigger. Reported rise and decay power-law indices that correspond to the rise of the first peak and the decay of the last peak are α rise = −4.6 ± 0.7 (Pandey et al. 2009 ) and α decay = 6.5 ± 0.9 (Racusin et al. 2008) , respectively.
V-band optical data were obtained from Racusin et al. (2008) . For the purpose of the spectral analysis we corrected the magnitudes for additional host galaxy absorption of A rest V = 0.07, or, assuming the SMC-like extinction, for A V = 0.14 mag in the observer frame (Bloom et al. 2009 ).
A.11. GRB 080810 Literature: Optical emission is probably the afterglow emission from the forward-external shock, occurring at very early times (Page et al. 2009 ).
Energetics: At redshift z = 3.355 this GRB had an isotropic gamma-ray energy release of E γ,iso ∼ 3 × 10 53 ergs in 1 keV − 10 MeV band (Page et al. 2009 ).
This GRB was also detected by the Fermi GBM (Meegan et al. 2008) . Spectral analysis of the GBM data shows that the spectrum is best fitted with the power-law function with exponential high-energy cut-off. Values of the parameters of the fit are: power-law index β = −1.13 ± 0.05, cut-off energy E peak = 835 ± 160 keV and fluence (8 − 1000 keV) f = (1.25 ± 0.03) × 10 −5 erg/cm 2 . The angle from the Fermi LAT boresight was 61
• (Bissaldi et al. 2009 ). Light curve: Reported power-law indices during the early time optical emission are α rise = −1.32 ± 0.11 and α decay = 1.22 ± 0.09 (Page et al. 2009; Melandri et al. 2010) . The decay index is also consistent with the late time data. In addition to the optical afterglow LC, there is a non-prominent optical flare present at ≈ 100 s after the trigger, which happens simultaneous with the gamma-ray/X-ray flare at that time ( Figure  5 ). However, we are unable to determine the power-law indices while there are only a few optical data points.
Optical data in R-equivalent band were obtained from Page et al. (2009) 
A.12. GRB 080905B Literature: No particular model for the early time optical peak was proposed in the literature.
Energetics: At redshift z = 2.374 (Vreeswijk et al. 2008) this GRB had an isotropic gamma-ray energy release of E γ,iso = 2.4 × 10 52 ergs in 15 − 150 keV band (using the fluence reported in Barthelmy et al. 2008) .
This GRB was also detected by the Fermi GBM (Bhat et al. 2008) . Similarly as the Swift BAT, GBM detected the main peak at the BAT trigger time, followed by the second peak at t ≈ 70 s and the third peak lasting from t ≈ 80 s to t ≈ 110 s. Preliminary results of the spectral analysis of the GBM data show that the time-averaged spectrum is well fitted with the power-law function with power-law index β = −1.75 ± 0.12 and fluence (20−1000 keV) f = (4.1±0.3)×10 −8 erg/cm 2 . The angle from the Fermi LAT boresight was 82
• (Bhat et al. 2008) .
Light curve: The results are preliminary (marked with * in Figures 6, 9 and 10) , the optical data points were obtained from Figure 5 in Ferrero et al. (2010) . The early time optical peak at ∼ 75 s after the trigger is not very prominent and dimmer than the optical afterglow peak at ∼ 500 s after the trigger ( Figure 5 ). The early time optical coverage is insufficient to perform the fit. If we take the first four optical data points and simply estimate the power-law indices we get roughly α rise −1.1 and α decay 2.3. Optical data in R C equivalent band (clear filter) were obtained from Ferrero et al. (2010) .
A.13. GRB 080928 Literature: No particular model for the early time optical peak was proposed in the literature, except that it is most likely produced via synchrotron radiation by the internal shocks (Rossi et al. 2011) . At later times the bumpy shape of the optical LC could be due to the energy injections into the forward shock (Rossi et al. 2011) .
Energetics: At redshift z = 1.692 this GRB had an isotropic gamma-ray energy release of E γ,iso = (1.44 ± 0.92)×10 52 ergs in 1 keV −10 MeV band (Rossi et al. 2011 ). This GRB was also detected by the Fermi GBM (Paciesas et al. 2008) . The detected emission is approximately coincident with the main emission detected by the Swift BAT. Preliminary results of the spectral analysis of the GBM data show that the time-averaged spectrum can be fitted with the powerlaw function with power-law index β = −1.80 ± 0.08 and fluence (50 − 300 keV) f = (1.5 ± 0.1) × 10 −6 erg/cm 2 (Paciesas et al. 2008 ). Light curve: There was a short lasting initial optical peak at ∼ 250 s after the trigger, which was detected by the Swift UVOT in White filter (Rossi et al. 2011) . At later times the optical LC gets brighter, but stays complex and bumpy up to ∼ 10 ks after the trigger. After that it starts to decay with the power-law index α decay ≈ 2.2 (Rossi et al. 2011) .
The early time optical coverage is insufficient to examine the first optical peak and perform the fit ( Figure 5 ). If we take the first four optical data points and simply estimate the power-law indices we get roughly α rise ∼ −3.0 and α decay ∼ 9.8.
Optical data in the UVOT white band were obtained from Rossi et al. (2011) . For the purpose of the spectral analysis we corrected the magnitudes for additional host galaxy absorption of A rest V = 0.12, or, assuming the MW-like extinction, for A w = 0.36 mag in the observer frame (Rossi et al. 2011) .
A.14. GRB 081008 Literature: The first optical peak is interpreted as the onset of the afterglow emission, associated with the early time prompt phase (Yuan et al. 2010) . The second optical peak, which is superimposed on the early time optical afterglow and which is coincident with the gamma-ray activity, is probably from the late time internal shocks due to the central engine energy injection (Yuan et al. 2010) . However, this peak is not very prominent and it is thus not easy to study the origin in much detail ( Figure 5 ). Due to the complex optical LC it is possible that some internal shocks contribution is also present during the onset of the first optical peak, which could then be interpreted as the combination of the afterglow emission and the prompt optical emission.
Energetics: At redshift z = 1.967 this GRB had an isotropic gamma-ray energy release of E γ,iso ∼ 6.3 × 10 52 ergs in 0.1 keV − 10 MeV band (Yuan et al. 2010) Light curve: The results are preliminary, the optical data points were obtained from Figure 3 in Yuan et al. (2010) . By fitting the sum of two contributions from Eq. (1) to the early time optical LC in the time interval 42 − 757 s after the trigger, we get α rise = −5.7 ± 1.6 and α decay = 0.8 ± 0.1 for the first peak (χ 2 red is 1.1). At later times the overall optical emission decays with power-law index α decay = 0.8 ± 0.2, consistent with the typical forward-external shock afterglow model (Yuan et al. 2010) .
Optical data in r equivalent band were obtained from Yuan et al. (2010) . For the purpose of the spectral analysis we corrected the magnitudes for additional host galaxy absorption of A rest V = 0.46, or, assuming the MW-like extinction, for A r = 1.37 mag in the observer frame (Yuan et al. 2010) .
A.15. GRB 100901A Literature: The early time optical peak detected by the Swift UVOT occurs simultaneously with the gamma-ray emission (Gomboc et al. in prep.) . This suggests a common production site, i.e., the optical emission is the low energy tail of the prompt GRB emission, coming from the same region as high energy photons (Gorbovskoy et al. 2012 ). This picture is consistent with the internal shock scenario, in which the correlation between the optical and gamma-ray emission is achieved via synchrotron emission from the same region.
Energetics: At redshift z = 1.408 this GRB had an isotropic gamma-ray energy release of E γ,iso = 6.3 × 10 52 ergs in 1 keV − 10 MeV band (Gorbovskoy et al. 2012) Light curve: The results are preliminary (marked with * in Figures 6, 9 and 10), the optical data points were obtained from Pritchard & Immler (2010) and Gomboc et al. (in prep.) . By fitting the Beuermann profile (Eq. 1) to the early time optical peak in the time interval 305 − 545 s after the trigger, we get α rise = −11.2 ± 4.4 and α decay = 7.9 ± 2.6 (χ 2 red is 2.1 with 4 d.o.f.). At early times the LC is quite complex and probably composed of multiple contributions (the prompt optical emission and the onset of the external shock afterglow). At ∼ 0.3 days a powerful re-brightening occurs (Gomboc et al. in prep.) .
Optical data in the UVOT u band were obtained from Pritchard & Immler (2010) and Gomboc et al. (in prep.) . For the purpose of the spectral analysis we corrected the magnitudes for additional host galaxy absorption of A rest V = 0.19, or, assuming the SMC-like extinction, for A u = 0.88 mag in the observer frame (Gomboc et al. in prep.) . A.16 . GRB 100906A Literature: An optical peak occurs at ≈ 124 s after the trigger, during the gamma-ray emission and simultaneously with the gamma-ray peak (Gorbovskoy et al. 2012) . The smooth behaviour is indicative of the external-forward shock afterglow onset.
Energetics: At redshift z = 1.727 this GRB had an isotropic gamma-ray energy release of E γ,iso = (2.2 ± 0.4) × 10 53 ergs in 20 keV − 2 MeV band (Gorbovskoy et al. 2012) Light curve: By fitting the Beuermann profile (Eq. 1) to the optical LC in the time interval 43 − 911 s after the trigger, we get α rise = −2.9 ± 0.5 and α decay = 1.0 ± 0.1 (χ 2 red is 0.9 with 7 d.o.f.). LC shows smooth and non-steep behaviour during the whole time (up until 10 4 s after the GRB trigger), consistent with the standard afterglow emission. No prompt optical signature is clearly present in the early time optical LC.
Optical data in V equivalent band were obtained from Gorbovskoy et al. (2012) . A.17 . GRB 110205A Literature: The SED with two spectral breaks from the simultaneous optical and gamma-ray data at early times is consistent with the synchrotron emission in the fast cooling regime (Zheng et al. 2012) . This is most likely achieved via two-shell collisions in the internal shock model. Optical emission is thus the low energy tail of the prompt emission (Gao 2011) .
Energetics: At redshift z = 2.22 this GRB had an isotropic gamma-ray energy release of E γ,iso = 4.6 +0.4 −0.7 × 10 53 ergs in 1 keV − 10 MeV band (Zheng et al. 2012) This GRB was also detected by the Konus-Wind . Results of the spectral analysis of the Konus-Wind data show that the spectrum is best fitted with the power-law function with exponential high-energy cut-off. Values of the parameters of the fit are: power-law index β = −1.52 ± 0.14, cut-off energy E peak = 222 ± 74 keV and fluence (20 − 1200 keV) f = (3.66 ± 0.35) × 10 −5 erg/cm 2 ).
Light curve: The early time optical LC is bumpy and its variability implies the internal shock origin. By fitting the Beuermann profile (Eq. 1) to the early time optical peak in the time interval 140 − 376 s after the trigger, we get α rise = −7.6 ± 3.4 and α decay = 3.4 ± 0.9 (χ 2 red is 1.1 with 3 d.o.f.). At later times, the optical LC shows the afterglow contribution from the reverse-external and forward-external shocks (Zheng et al. 2012; Gao 2011; Gendre et al. 2012) .
Optical data in R band were obtained from Gendre et al. (2012) . For the purpose of the spectral analysis we corrected the magnitudes for additional host galaxy absorption of A rest V = 0.20, or, assuming the SMC-like extinction, for A R = 0.58 mag in the observer frame (Gendre et al. 2012 ). NOTE. -Optical flux densities are corrected for the Galactic extinction using Schlegel, Finkbeiner & Davis (1998) and for GRBs marked with * flux densities are also corrected for the host galaxy extinction (references are given in Appendices A.1 -A.17). t mid is given since the GRB trigger time. If the gamma-ray emission during the exposure time of the optical emission was too weak to obtain good gamma-ray spectrum and βγ , we extended the gamma-ray interval to twice the exposure time in the optical. The confidence intervals for βγ and βOPT−γ are at 90%. Optical emission references are given in Appendices A.1-A.17. Gamma-ray flux densities and spectral indices were extracted from the analysis of the Swift BAT data (Section 6.2), except for GRB 990123, GRB 041219A and GRB 050820A, for which F γ ν and βγ were taken from Yost et al. (2007a) and Yost et al. (2007b) .
